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At hippocampal mossy fiber (MF)-st. lucidum inter-
neuron (SLIN) synapses, mGluR7 serves as a meta-
plastic switch controlling bidirectional plasticity.
mGluR7 activation during high-frequency stimulation
(HFS) triggers presynaptic LTD due to persistent
P/Q-type Ca2+ channel inhibition. However, following
mGluR7 internalization HFS produces presynaptic
LTP. Surprisingly, LTP is not a simple molecular
reversal of Ca2+ channel depression. Rather, mGluR7
activation/internalization controls plasticity polarity
by gating cAMP sensitivity of release. While naive
surface mGluR7 expressing MF-SLIN synapses are
insensitive to cAMP elevation, synapses that have
internalized mGluR7 robustly potentiate following
cAMP increases. Moreover, MF-SLIN LTP requires
adenylate cyclase (AC) and protein kinase A (PKA)
activities. We also discovered an association
between mGluR7 and RIM1a, an active zone mole-
cule required for AC/PKA-dependent presynaptic
LTP. Importantly, the mGluR7-RIM1a interaction is
regulated by mGluR7 activation, and mice lacking
RIM1a are deficient in MF-SLIN LTP. We conclude
that state-dependent cAMP sensitivity controlled
by mGluR7-RIM1a interactions underlies MF-SLIN
metaplasticity.
INTRODUCTION
Rapid persistent modifications of synaptic strength following
brief periods of patterned neural activity are considered funda-
mental for information processing and storage within central
circuits. Importantly, such activity-dependent synaptic plasticity
is bidirectional, exemplified by the ability of individual connec-
tions to undergo both long-term potentiation (LTP) and depres-
sion (LTD), allowing synaptic efficacy to be tuned within a broad
range to optimize computational power. Interestingly, threshold980 Neuron 60, 980–987, December 26, 2008 ª2008 Elsevier Inc.activity levels required to induce LTP or LTD are not static binary
properties of synapses, but instead vary dynamically according
to the recent history of synaptic activation (Clem et al., 2008;
Frey and Morris, 1997; Kirkwood et al., 1996; Lee et al., 2000;
Montgomery and Madison, 2002; Raymond et al., 2000). In other
words, synapses reside along a continuum of discrete plastic
competency states dictated by their activation history, and these
states in turn govern the polarity, magnitude, duration, and cell
signaling cascades invoked during future plasticity as well as
receptivity to a given plasticity-inducing paradigm (Bienenstock
et al., 1982; Mayford et al., 1995; Montgomery and Madison,
2004). Such higher-order regulation of synaptic plasticity is
termed metaplasticity and may preserve homeostasis by pre-
venting synapses from accumulating within saturated states of
potentiation or depression, and additionally, enable synaptic
integration across prolonged temporal domains (Abraham and
Bear, 1996; Bear, 2003; Frey and Morris, 1997).
Metaplasticity is well documented for postsynaptically
expressed NMDAR-dependent forms of long-term plasticity,
relying on alterations in the properties of AMPA and NMDA
receptors as well as signaling cascades initiated by postsynaptic
mGluR activation (Bortolotto et al., 1994; Clem et al., 2008; Lee
et al., 2000; Philpot et al., 2007, 2003; Raymond et al., 2000).
In contrast, metaplasticity of presynaptically expressed forms
of long-term plasticity has received less attention, and thus the
ubiquity of as well as cellular and molecular mechanisms under-
lying presynaptic metaplasticity remain unknown. Here, we
investigated the mechanisms underlying presynaptic metaplas-
ticity at Ca2+-permeable AMPAR containing MF-SLIN synapses
of the hippocampus, focusing on the processes unmasked by
mGluR7 internalization that convert these synapses from
depressing to potentiating (Lei and McBain, 2002; Lei and
McBain, 2004; Maccaferri et al., 1998; Pelkey et al., 2005; Toth
et al., 2000).
RESULTS AND DISCUSSION
In electrophysiological recordings, the metaplastic switch from
LTD to LTP is readily observed when MF-SLIN transmission first
undergoes LTD by transient application of the mGluR7 agonist
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B Figure 1. MF-SLIN Dedepression/LTP Is Not a Mecha-
nistic Reversal of LTD
(A) Time course plot of EPSC amplitude from a representative
recording illustrating HFS induced LTP at MF-SLIN synapses
that have undergone prior chemical LTD by L-AP4 (400 mM)
treatment. Each point represents the peak amplitude of an indi-
vidual EPSC obtained at the time indicated along the x axis.
Traces above are averaged EPSCs (20 consecutive events) ob-
tained at the times indicated (bars 25 pA/20 ms). In this and all
subsequent time course plots the period of drug application
and/or HFS (arrow) are shown at the top of the plot.
(B) Decimated group data time course plot for experiments
similar to that shown in (A) (n = 11). EPSC amplitudes for
each recording were binned and averaged (1 min segments)
then normalized to the average EPSC amplitude obtained
during the baseline period prior to drug treatment. The break
in the x axis results from different wash periods (5–10 min)
following L-AP4 treatment with all recordings being realigned
to the 1 min prior to HFS.
(C) Representative sample images (top) and records (bottom)
illustrating CaT recordings from SLIN targeting MF terminals.
Upper panels show wide field (left) and zoomed (right) confocal
images of a parent MF bouton with SLIN targeting filipodial
extensions loaded with the Ca2+ indicator OGB1-AM. The
positioning of line scan to monitor presynaptic CaTs is indi-
cated by a line in the right panel. Bottom panels show a single
line scan image of a stimulus evoked fluorescence transient
(left) and associated CaT (trace at right) plotted as %DF/F in
time from the average of four individual line scan images
(bars, 500 ms/50% D F/F).
(D) Normalized group data time course plot showing that HFS
does not reverse L-AP4-induced CaT LTD (n = 5). Traces
above are CaTs obtained from a representative recording ob-
tained at the times indicated (bars, 500 ms/20% DF/F). DCGIV
(1 mM) depression at the end of recordings is used to confirm
MF origin of the stimulated axons.
(E and F) Representative recording (E) and normalized group
data ([F], n = 5) time course plots showing that P/Q type
VGCC blockade with AgTx (250 nM) occludes L-AP4 induced
LTD of MF-SLIN synapses but does not prevent LTP by HFS
given after L-AP4 treatment. Traces above in (E) are average
EPSC pairs (20 Hz) obtained at the times indicated (bars,
25 pA/25 ms). Inset in (E) (gray) reveals the boxed region of
the plot with expanded y axis and traces.L-AP4 combined with basal stimulation (Figures 1A and 1B; Pel-
key et al., 2005). This chemical-induction protocol mimics HFS-
induced LTD of naive synapses and ensures robust mGluR7
internalization, priming MF-SLIN synapses to undergo dede-
pression/LTP in response to subsequent HFS (Pelkey et al.,
2005, reviewed in Pelkey and McBain, 2008). Both L-AP4- and
HFS-induced LTD of naive synapses are expressed as a persis-
tent inhibition of P/Q-type voltage-gated Ca2+ channels that can
be directly observed as a reduction in stimulus-evoked presyn-
aptic Ca2+ transients (CaTs) at MF release sites opposing SLINs
(Pelkey et al., 2006). To determine whether MF-SLIN LTP
proceeds as a mechanistic reversal of LTD we used two-photon
Ca2+ imaging to monitor CaTs within anatomically defined SLIN-
targeting MF terminals loaded with OGB1-AM in acute mouse
hippocampal slices (see Experimental Procedures and Acsady
et al., 1998; Pelkey et al., 2006). Consistent with our prior obser-
vations transient activation of mGluR7 by superfusion of L-AP4
coupled with basal presynaptic stimulation (0.33 Hz) robustlyand persistently depressed stimulus-evoked CaTs at MF-SLIN
presynaptic elements (CaTs were 47% ± 7.6% of control at
10 min after L-AP4, n = 5, p < 0.05; Figures 1C and 1D). However,
subsequent HFS did not produce any lasting changes of the
depressed CaTs (10 min after HFS CaTs remained at 40.4% ±
10.1% of control or 90.1% ± 10.1% of the responses obtained
immediately preceding HFS, p > 0.05; Figures 1C and 1D).
Thus, L-AP4-induced LTD of CaTs merely occludes HFS-
induced CaT depression without unmasking any ability of HFS
to potentiate MF-SLIN presynaptic CaTs, indicating that MF-
SLIN LTP does not result from an increase or recovery of presyn-
aptic VGCC function.
To confirm that MF-SLIN LTP proceeds independently of
changes in P/Q-type VGCCs we next examined whether LTP
can be induced in slices treated with the selective P/Q-type
VGCC antagonist omega-agatoxin IVA (AgTx, 250 nM). As previ-
ously reported (Pelkey et al., 2006), AgTx dramatically depressed
MF evoked AMPAR-mediated excitatory postsynaptic currentsNeuron 60, 980–987, December 26, 2008 ª2008 Elsevier Inc. 981
Neuron(EPSCs) recorded in visually identified SLINs leaving a small
component of transmission supported by N-type VGCCs: at
the end of AgTx treatment EPSCs were 17% ± 7.9% of control
responses obtained during the baseline period (Figures 1E and
1F, n = 5, p < 0.01). Importantly, this inhibition fully occluded
the ability of L-AP4 treatment to produce any further synaptic
depression but did not prevent subsequent HFS-induced poten-
tiation of MF-SLIN synapses (Figures 1E and 1F). EPSCs
remained at 18% ± 3.7% of control responses following L-AP4
treatment (p > 0.5 versus AgTx treatment), but recovered to
49% ± 24% of control at 10 min post HFS (p < 0.05 versus
period immediately preceding HFS). Considered together our
complementary imaging and electrophysiological findings
conclusively demonstrate that MF-SLIN LTP does not rely on
increased P/Q-type VGCC function, importantly revealing that
this LTP is not simply a mechanistic reversal of the processes
responsible for LTD.
In addition to serving as a metaplastic switch, mGluR7 also
imparts cell-target specificity to MF regulation as the receptor
selectively localizes to release sites opposing interneurons,
being largely excluded from neighboring PYR-targeting MF bou-
tons of the same axon (Pelkey et al., 2005; Shigemoto et al.,
1997). Intriguingly, mGluR7-lacking MF-PYR connections exhibit
pronounced presynaptic LTP following the same HFS that
induces LTD at naive MF-SLIN terminals (Nicoll and Schmitz,
2005). MF-PYR LTP requires the activation of an AC-cAMP-
PKA signaling cascade which facilitates vesicle fusion indepen-
dent of changes in presynaptic Ca2+ dynamics (Castillo et al.,
1997; Castillo et al., 1994; Kamiya et al., 2002; Regehr and
Tank, 1991; Weisskopf et al., 1994; Weisskopf and Nicoll,
1995). As this form of potentiation is conserved at various central
synapses and serves as the prototypic model of presynaptic LTP
(Castro-Alamancos and Calcagnotto, 1999; Fourcaudot et al.,
2008; Lonart et al., 2003; Salin et al., 1996), we next considered
a potential role for cAMP-mediated enhancement of release in
MF-SLIN dedepression/LTP.
In mice, basal MF-SLIN transmission was insensitive to AC
activation with forskolin (85% ± 38% of control responses ob-
tained preceding forskolin application, n = 4, p > 0.1), despite
robust potentiation in interleaved control MF-PYR recordings
(317% ± 19% of control, n = 6, p < 0.01; Figures 2A and 2B).
Forskolin also did not affect CaTs at naive SLIN targeting MF
terminals (CaTs were 108.5% ± 5.3% of control at 10 min after
forskolin, n = 4, p > 0.05; Figure S1). This confirms and extends
previous observations from rat hippocampal slices (Maccaferri
et al., 1998) further highlighting the regulatory partitioning
between neighboring PYR and SLIN release sites (Pelkey and
McBain, 2007, 2008). Remarkably, in contrast to the naive
case, L-AP4 depressed MF-SLIN synapses readily potentiated
in response to forskolin and this potentiation persisted following
removal of the AC activator (Figure 2C). Following L-AP4 treat-
ment and immediately preceding forskolin application EPSCs
were 63% ± 11% of baseline control responses and potentiated
to 142% ± 27% of baseline control responses at the end of for-
skolin application (p < 0.05, n = 7) revealing more than 2-fold
potentiation from the L-AP4 depressed levels. Importantly, this
effect was not observed with 1,9-dideoxyforskolin (25 mM) a
structurally related analog of forskolin that does not activate AC982 Neuron 60, 980–987, December 26, 2008 ª2008 Elsevier Inc.(EPSCs were 51% ± 9% of control after L-AP4 treatment and
remained at 49% ± 14% of control following 1,9-dideoxyforsko-
lin treatment, p > 0.5, n = 3; p < 0.01 versus forskolin). The un-
masking of forskolin sensitivity appears specific to mGluR7 acti-
vation since group II mGluR activation with DCGIV did not confer
forskolin sensitivity (Figure 2A). Moreover, L-AP4 does not
generally promote forskolin effects as L-AP4 did not uncover for-
skolin sensitivity of CA3 collateral inputs to SLINs or enhance for-
skolin-induced potentiation of MF-PYR synapses (Figure S2).
Like activity-induced MF-SLIN LTP (Pelkey et al., 2005), the for-
skolin stimulated enhancement of transmission proceeded inde-
pendent of changes in presynaptic CaTs (CaTs remained at
95.1% ± 7.7% of the responses obtained 10 min after L-AP4,
n = 5, p > 0.1, Figure 2D), but was accompanied by changes in
the paired-pulse ratios, and CVs of synaptic events consistent
with increased presynaptic function (Figure 2E). Indeed following
L-AP4 treatment forskolin evoked parallel changes of similar
magnitude in the PPRs at MF-SLIN and MF-PYR synapses,
revealing a breakdown in the compartmentalization of forskolin
sensitivity that exists between MF-SLIN and MF-PYR synapses
under basal conditions (Figure 2E). Thus, L-AP4 treatment
unmasks forskolin sensitivity of MF-SLIN synapses, revealing
a state-dependent cAMP sensitivity of the release machinery
at SLIN-targeting MF terminals controlled by mGluR7 activation
and surface expression.
To determine if HFS strengthens MF-SLIN connections by
engaging the cAMP pathway uncovered with L-AP4 treatment,
we investigated whether the metaplastic switch proceeds in
the absence of AC activity (Figures 3A and 3B). To accomplish
this we incubated and constantly perfused slices with the AC
inhibitor DDOA, a manipulation that reliably prevented MF-PYR
LTP in interleaved positive control experiments (Figures 3A and
3B). In these DDOA-treated slices L-AP4 treatment yielded
typical MF-SLIN depression comparable to control slices:
5 min after L-AP4 washout EPSCs were 44% ± 12% of baseline
control responses (n = 6, p > 0.1 versus untreated slices from
Figure 1A). However, subsequent HFS in the continuing pres-
ence of DDOA failed to potentiate MF-SLIN synaptic efficacy
from the L-AP4 depressed levels: 10 min after HFS EPSCs
remained at 46% ± 18% of baseline control responses which
was not significantly different from responses obtained immedi-
ately preceding HFS (n = 6, p < 0.02 versus untreated slices).
Similarly, treatment of slices with the PKA inhibitor H-89 had
no effect on L-AP4 induced depression of MF-SLIN synapses
but prevented subsequent HFS-induced LTP: EPSCs were
55% ± 15% of control 5 min after L-AP4 washout (n = 4, p >
0.1 versus untreated slices, see also Pelkey et al., 2005) and re-
mained at 59% ± 9% of control after HFS (Figure 3B, p < 0.05
versus untreated slices). These findings reveal requisite roles
for AC and PKA function in the activity-induced enhancement
of MF-SLIN synapses, indicating that MF-SLIN LTP proceeds
through a cAMP/PKA-dependent pathway similar to presynaptic
LTP observed at diverse synapses throughout the CNS. More-
over, the results provide further support for a state-dependent
cAMP sensitivity of MF-SLIN release machinery controlled by
mGluR7 activation and surface expression.
Although L-AP4 treatment reliably triggers mGluR7 endocy-
tosis to unmask MF-SLIN LTP, the results do not reveal whether
Neuronendogenously released glutamate can trigger the metaplastic
switch. Despite optimal localization to the active zone of presyn-
aptic terminals (Shigemoto et al., 1997, 1996), the extremely low
affinity of mGluR7 for glutamate (0.1–1 mM, Conn and Pin, 1997)
indicates that significant receptor internalization may only
proceed under conditions of prolonged intense presynaptic
stimulation. To determine whether MF-SLIN LTP can be revealed
in such a use-dependent fashion we monitored the effects of
multiple closely spaced HFS episodes on MF-SLIN transmis-
sion. Consistent with our prior findings (Pelkey et al., 2005),
two rounds of HFS simply produced saturating LTD
(Figure 3C). In contrast, subsequent HFS yielded significant
potentiation, reversing synaptic efficacy from depressed levels
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B Figure 2. State-Dependent Forskolin Sensitivity of
MF-SLIN Synapses
(A and B) Representative recordings (upper panels) and normal-
ized group data (lower panels) time course plots showing the
effects of forskolin on basal MF-SLIN ([A], n = 4) and MF-PYR
([B], n = 6) transmission, respectively. A brief DCGIV (1 mM)
treatment was used to confirm MF origin of EPSCs; however,
non-DCGIV-treated naive MF-SLIN synapses are also forskolin
insensitive (see Maccaferri et al., 1998). Traces are averaged
pairs of EPSCs (20 Hz) obtained at the times indicated (bars,
50 pA/20 ms in [A] and 200 pA/20 ms in [B]).
(C) Representative recording (upper) and group data (lower,
n = 7) showing the effects of forskolin on MF-SLIN synapses
that have undergone L-AP4-induced LTD (bars for traces
above, 50 pA/20 ms). DCGIV was applied at the end of experi-
ments in a subset of these recordings (4/7) to confirm that the
forskolin-induced potentiation did not result from recruitment
of non-MF inputs.
(D) Forskolin treatment does not recover L-AP4-induced LTD of
CaTs evoked in SLIN targeting presynaptic terminals (n = 4;
bars, 200 ms/20% DF/F).
(E) Summary bar graph (left) illustrating changes (expressed as
percentage of baseline control) in paired-pulse ratios (PPR) and
coefficients of variation (CV) of MF-SLIN synaptic currents
following L-AP4 and forskolin treatments for recordings illus-
trated in (C) (*p < 0.05 compared to baseline period; #p < 0.05
compared to L-AP4 period). Time course plots at right show for-
skolin effects on PPRs for MF-PYR (gray circles) and MF-SLIN
(black squares) synaptic events. PPRs are normalized to those
obtained during the 2 min immediately preceding forskolin
application. Upper plot (Basal) reveals effects of forskolin on
basal MF-SLIN and MF-PYR synaptic PPRs and corresponds
to the records summarized in (A) and (B), while the lower plot
shows the effects of forskolin on synapses previously condi-
tioned with L-AP4 (corresponding to records summarized in
[C] and Figure S2B). Period of forskolin application is denoted
by the horizontal lines above each plot.
to near baseline control values obtained prior to
any HFS (Figure 3C). Both the initial depression
and subsequent potentiation were accompanied
by PPR and CV changes consistent with alterations
in presynaptic function: during LTD PPR and CV
increased to 159% ± 22% and 353% ± 80% of
pre-tetanus baseline control levels respectively
and following potentiation PPR and CV returned to
99% ± 4% and 125% ± 22% of baseline control
respectively (p < 0.05 for both PPR and CV LTD
versus LTP). In some recordings potentiation was evident with
only three episodes of HFS (e.g., Figure 3C, upper panel), and
all recordings exhibited significant potentiation by the fourth
bout of HFS (Figure 3C, lower panel). Importantly, slices treated
with DDOA to prevent AC activity exhibited only saturating
depression with four episodes of HFS (Figure 3D). Thus, like
L-AP4 treatment, multiple bursts of presynaptic activity can
trigger an AC-dependent reversal in the polarity of presynaptic
MF-SLIN plasticity, suggesting that excess glutamate release
with intensepresynapticactivation triggersmGluR7 internalization
converting MF-SLIN release sites into a cAMP responsive state.
How does surface mGluR7 control cAMP sensitivity of
presynaptic release at MF-SLIN synapses? Previously, weNeuron 60, 980–987, December 26, 2008 ª2008 Elsevier Inc. 983
Neuronhypothesized that surface mGluR7 sequesters a putative
presynaptic substrate necessary for LTP generation and that
receptor endocytosis could trigger release of this substrate
making MF-SLIN release sites LTP competent (Pelkey et al.,
2005). In addition to AC and PKA activities prototypic presyn-
aptic LTP, typified by MF-PYR synapses, requires the presyn-
aptic scaffold protein RIM1a. Initially RIM1a was thought to be
the critical PKA substrate for presynaptic LTP (Castillo et al.,
2002; Lonart et al., 2003); however, recent evidence indicates
that presynaptic LTP proceeds normally in mice expressing
a mutant form of RIM1a lacking the presumed critical PKA phos-
phorylation site (Kaeser et al., 2008). Nonetheless, the absolute
requirement for RIM1a in presynaptic LTP at diverse synapses
throughout the CNS remains undisputed (Castillo et al., 2002;
Fourcaudot et al., 2008; Lonart et al., 2003; Kaeser et al.,
2008). Similarly, we found that RIM1a is necessary for MF-
SLIN LTP (Figures 4A and 4B). In slices from RIM1a knockout
mice (RIM1a/) L-AP4 treatment produced typical MF-SLIN
depression comparable to that observed in recordings from
wild-type (RIM1a+/+) littermate controls: 5 min after L-AP4
washout EPSCs were 54% ± 8% and 56% ± 11% of control
A B
DC
Figure 3. MF-SLIN LTP Requires AC/PKA Activities
and Can Be Revealed with Multiple Rounds of HFS
(A) Normalized group data time course plots (n = 6) showing
that L-AP4-mediated unmasking of HFS-induced LTP does
not occur in slices incubated and constantly perfused with
the AC antagonist DDOA (8–16 mM). Inset shows normalized
group data for MF-PYR recordings in DDOA-treated slices per-
formed as a positive control for DDOA efficacy (n = 8).
(B) Bar chart summary of the effects of DDOA and H-89 (5 mM)
on MF-SLIN and MF-PYR HFS-induced LTP (for MF-SLIN
recordings, n = 7, 6, and 4 for control, DDOA, and H-89,
respectively; for MF-PYR recordings n = 5, 8, and 3 for control,
DDOA, and H-89 recordings, respectively).
(C) Representative recording (upper panel) and group data
summary histogram showing the effects of multiple rounds of
HFS on MF-SLIN synapses (n = 5 to HFS3, and n = 4 to
HFS4). The first two rounds of HFS produce saturating depres-
sion of MF-SLIN synapses; however, subsequent HFS
promotes dedepression/LTP.
(D) As in (C) but for recordings performed in slices incubated
with and constantly perfused in DDOA (n = 7). Traces
throughout the figure are averaged (20 events) pairs of EPSCs
(20 Hz) obtained at the times indicated from the representative
recordings (bars, 25 pA/20 ms throughout). *p < 0.05, **p < 0.01
compared to baseline control or for the indicated comparison.
forRIM1a/ andRIM1a+/+ recordings, respectively
(p > 0.5; RIM1a/: n = 6 recordings from 4 mice
born to 4 different litters, Figure 4B; RIM1a+/+:
n = 4 recordings from 3 mice born to 3 different
litters, data incorporated into Figure 1B). However,
subsequent HFS failed to produce any lasting
potentiation in RIM1a/ slices (EPSCs remained
at 43% ± 6% of baseline control responses 10–
15 min post-HFS) revealing a significant LTP deficit
compared to RIM1a+/+ controls (EPSCs returned to
90% ± 6% of baseline control, p < 0.01 RIM1a/
versus RIM1a+/+). Given this requisite role for
RIM1a in presynaptic LTP and the strong localization of both
mGluR7 and RIM1a to the presynaptic active zone (Kaeser and
Sudhof, 2005; Shigemoto et al., 1996) we considered RIM1a to
be a logical candidate LTP mediator sequestered by mGluR7.
To determine if mGluR7b, the dominant splice variant in hippo-
campal MFs (Shigemoto et al., 1997), and RIM1a associate
within a molecular complex we attempted to coimmunoprecipi-
tate the two proteins. Using a polyclonal antibody (Figure S3) we
immunoprecipitated mGluR7b from tissue homogenates of
acute brain slices identical to those utilized for electrophysiolog-
ical recordings. In homogenates from control slices that had
been incubated with regular extracellular solution anti-mGluR7b
reliably coprecipitated RIM1a (Figure 4C). Remarkably, however,
brief treatment (10 min) of slices with L-AP4 supplemented extra-
cellular solution significantly reduced the efficiency of the
mGluR7b-RIM1a coprecipitation without altering precipitation
of mGluR7b itself or overall levels of RIM1a (Figures 4C and
4D). These findings suggest that mGluR7b and the critical LTP
substrate RIM1a exist within the same molecular complex in
a fashion that can be disrupted by receptor activation/internali-
zation providing a potential molecular mechanism to explain984 Neuron 60, 980–987, December 26, 2008 ª2008 Elsevier Inc.
Neuron0
50
100
150
200
EP
SC
 A
m
pl
itu
de
 (p
A)
Time (min)
0 5 10 15 20 25 30
L-AP4
0 5 10 15 20 25 30
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
N
or
m
al
iz
ed
 E
PS
C 
Am
pl
itu
de
Time (min)
L-AP4
input mGluR7bIP 
CT
R
LA
P4
LA
P4
CT
R
C
200kDa
200kDa
anti-RIM1ǩ
anti-mGluR7
Probed with:
Hippocampal slice lysates:
IgGIP
LA
P4
CT
R
0
20
40
60
80
100
R
IM
1α
 
de
te
ct
ed
 (%
 co
ntr
ol)
 L-AP4 treated
Input   mGluR7b IP
D
*
BA
a b c
a b c
RIM1α–/– RIM1α–/–
Figure 4. RIM1a Is Required for MF-SLIN LTP and
Interacts with mGluR7b in a Fashion Regulated by
L-AP4 Treatment
(A and B) Representative example (A) and normalized group
data time course plots ([B], n = 6) for MF-SLIN recordings in sli-
ces from RIM1a/ mice. L-AP4-induced depression
proceeds normally but subsequent HFS fails to induce LTP/
dedepression.
(C) Immunoblots from a representative experiment showing
immunoprecipitation of RIM1a from brain slice lysates incu-
bated with the anti-mGluR7b antibody characterized in Fig-
ure S3. Lysates from control and L-AP4-treated slices as indi-
cated were incubated with anti-mGluR7b antibody (middle
blots) or nonspecific IgG (right blots) under nondenaturing
conditions and immunoprecipitated proteins were resolved
by SDS-PAGE, transferred to nitrocellulose membranes, and
probed with anti-RIM1a (upper blots), or anti-GluR7b (lower
blots) antibodies. Precipitation of RIM1a by anti-GluR7b anti-
body was less efficient in L-AP4-treated slices. Blots on the
left show immunoblot analyses of total slice lysates (input)
with anti-RIM1a or anti-mGluR7b antibodies showing that
L-AP4 treatment does not alter the overall levels of RIM1a or
mGluR7b. Blots are all from a single representative experi-
ment with control and L-AP4-treated slices obtained from
the same brain run in parallel.
(D) Summary histogram for quantitative data obtained in six
experiments similar to that illustrated in (A). The amount of
mGluR7b or RIM1a detected in L-AP4-treated tissue is
expressed as a percentage of that detected in control slices
from the same brains run in parallel. *p < 0.05.how mGluR7 internalization primes MF-SLIN terminals to
become LTP competent.
In summary, our findings reveal a state-dependent cAMP
sensitivity of release at MF-SLIN synapses. Naive, surface
mGluR7 expressing MF-SLIN terminals exhibit activity-induced
LTD and are completely insensitive to elevations of cAMP
despite exquisite cAMP sensitivity of neighboring MF-PYR
terminals. In contrast, MF-SLIN terminals that have internalized
mGluR7 are competent to undergo AC/cAMP/PKA/-mediated
LTP revealing a breakdown in the compartmentalization of
cAMP sensitivity between PYR and SLIN targeting MF release
sites. While this control of cAMP sensitivity by surface expressed
mGluR7 could arise in part through Gi coupling of mGluR7, our
data also suggest that surface mGluR7 may sequester RIM1a,
a requisite molecule for cAMP-dependent forms of presynaptic
plasticity. The polarity reversal of MF-SLIN plasticity has
dramatic consequences for hippocampal information propaga-
tion as the MF-SLIN pathway provides a highly efficient feedfor-
ward inhibitory circuit controlling dentate-mediated recruitment
of the autoassociative CA3 PYR network (Acsady et al., 1998;
Henze et al., 2002; Mori et al., 2004). Initial depression of feedfor-
ward inhibition may be critical for excitation-spike generation
in PYR targets, however, subsequent reversal of MF-SLIN LTD
is likely crucial for restoring balance to CA3 excitation/inhibition
dynamics to prevent runaway excitation as a consequence of
continued disinhibition (see also Froemke et al., 2007).
EXPERIMENTAL PROCEDURES
Detailed experimental procedures are outlined in the Supplemental Data
available online.Electrophysiology
Hippocampal slices (300–350 mm thick) were prepared from 2- to 3-week-old
C57BL/6,RIM1a/, and RIM1a+/+ mice as previously described (Pelkey et al.,
2005, 2006). After recovery slices were transferred to a recording chamber and
perfused with extracellular solution (in mM): 130 NaCl, 24 NaHCO3, 3.5 KCl,
1.25 NaH2PO4, 2.5 CaCl2, 1.5 MgCl2, 10 glucose, and 0.005 bicuculline metho-
bromide saturated with 95% O2/5% CO2, pH 7.4. DL-AP5 (50–100 mM) was
added to the perfusate ensuring that only NMDAR-independent presynaptic
MF-SLIN LTD was assayed (Lei and McBain, 2002). SLINs and PYRs were
visually identified and whole-cell recordings were performed (multiclamp
700A amplifier, Axon Instruments, Foster City, CA) in voltage-clamp mode at
a holding potential of 60 mV using electrodes (3–5 MU) pulled from borosil-
icate glass (WPI, Sarosota, FL) filled with (in mM): 100 Cs-gluconate, 5 CsCl,
0.6 EGTA, 5 MgCl2, 8 NaCl, 2 Na2ATP, 0.3 GTPNa, 40 HEPES, 0.1 spermine,
and 1 QX-314, pH 7.2–7.3, 290 mOsm. MF-SLIN/PYR responses were evoked
at 0.33 Hz by low intensity stimulation (150 ms/10–30 mA) in the dentate gyrus,
or stratum lucidum, via a constant current isolation unit (A360, WPI) connected
to a patch electrode filled with oxygenated extracellular solution. HFS
consisted of 100Hz stimulation for 1 s given three times at an interval of
10 s. Data acquisition and analysis were performed using a PC equipped
with pClamp 9.0 software (Axon Instruments). Group data are presented as
means ± SEM and statistical significance was assessed using both parametric
(paired and unpaired t tests) and nonparametric (Mann-Whitney or Wilcoxon
signed-rank tests) statistical analyses as appropriate.
Presynaptic Ca2+ Imaging
MF terminals in acute slices were loaded with a membrane-permeable form of
Ca2+ indicator Oregon Green-488-BAPTA-1-AM (OGB1-AM) to monitor
presynaptic CaTs as previously described (Pelkey et al., 2006). Calcium
imaging was performed using a two-photon laser-scanning microscope based
on a mode-locked Ti:Sapphire laser operating at 800 nm, 76 MHz pulse repeat,
<200 fs pulse width and pumped by a solid state source (Mira 900 and 5W
Verdi argon ion laser, Coherent, Santa Clara, CA). Using a long-range water-
immersion objective (403, NA 0.8) fluorescence was detected through
a short-pass filter (cut-off 680 nm) in nondescanned detection mode andNeuron 60, 980–987, December 26, 2008 ª2008 Elsevier Inc. 985
Neuronimages were acquired using the LSM 510 software (Carl Zeiss, Kirkland, QC).
MF stimulation was provided throughout experiments (0.33 Hz) and CaTs
(average of three responses) were monitored at 1–5 min intervals by scanning
a line along the tip of filipodial extensions emanating from large mossy fiber
boutons. For CaT analysis fluorescence background was subtracted from
fluorescence intensity averaged over the line. Changes in fluorescence were
calculated relative to baseline and expressed as %DF/F = [(F  Frest)/Frest] 3
100. CaT group data are presented as mean ± SEM unless indicated
otherwise.
Immunoprecipitation from Acute Brain Slices
Following a 1 hr recovery period acute mouse brain slices were moved to an
incubation chamber containing the same extracellular solution used to perfuse
slices for electrophysiological experiments and allowed to equilibrate for
10–15 min. Then slices were separated into two groups and processed in
parallel as control and L-AP4 treated. Control slices remained in the extracel-
lular solution containing chamber while L-AP4-treated slices were moved to
another incubation chamber containing extracellular solution supplemented
with L-AP4 (400 mM). Following 10 additional minutes of incubation in control
or L-AP4 supplemented extracellular solution slices were homogenized and
then lysed. Supernatants following centrifugation (14,000 3 g at 4C for
15 min) were collected and protein quantity was determined by BCA assay.
For immunoprecipitation slice lysates were precleared and incubated with
affinity-purified rabbit anti-mGluR7b antibody (or normal rabbit IgG in controls)
at 4C for 12–16 hr. Antigen-antibody complexes were immobilized and
precipitated by centrifugation. After multiple washes immune complexes
were eluted and immunoprecipitates were subjected to electrophoresis on
a 3%–8% NuPAGE Tris-Acetated gel (Invitrogen) under denaturing and
reduced conditions. Resolved proteins were transferred to PVDF membrane,
and probed with rabbit anti-myc antibody (Santa Cruz, CA), mouse anti-
Rim1a antibody (BD Biosciences, CA), and affinity-purified rabbit anti-
mGluR7b antibody as indicated. IRDye680 conjugated goat anti-mouse IgG,
or IRDye680 conjugated goat anti-rabbit IgG were used as secondary anti-
bodies and western blot results were detected using an Odyssey Infrared
Imaging System (LI-COR Biosciences, NE).
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures and
figures and can be found with this article online at http://www.neuron.org/
supplemental/S0896-6273(08)01008-8.
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